Abstract There are severe neurological complications that arise from HIV infection, ranging from peripheral sensory neuropathy to cognitive decline and dementia for which no specific treatments are available. The HIV proteins secreted from infected macrophages, gp120 and Tat, are neurotoxic. The goal of this study was to screen, identify and develop neuroprotective compounds relevant to HIV-associated neurocognitive disorders (HAND). We screened more than 2000 compounds that included FDA approved drugs for protective efficacy against oxidative stress-mediated neurodegeneration and identified selective serotonin reuptake inhibitors (SSRIs) as potential neuroprotectants. Numerous SSRIs were then extensively evaluated as protectants against neurotoxicity as measured by changes in neuronal cell death, mitochondrial potential, and axodendritic degeneration elicited by HIV Tat and gp120 and other mitochondrial toxins. While many SSRIs demonstrated neuroprotective actions, paroxetine was potently neuroprotective (100 nM potency) against these toxins in vitro and in vivo following systemic administration in a gp120 neurotoxicity model. Interestingly, the inhibition of serotonin reuptake by paroxetine was not required for neuroprotection, since depletion of the serotonin transporter had no effect on its neuroprotective properties. We determined that paroxetine interacts selectively and preferentially with brain mitochondrial proteins and blocks calcium-dependent swelling but had less effect on liver mitochondria. Additionally, paroxetine induced proliferation of neural progenitor cells in vitro and in vivo in gp120 transgenic animals. Therefore, SSRIs such as paroxetine may provide a novel adjunctive neuroprotective and neuroregenerative therapy to treat HIVinfected individuals.
Introduction
HIV infection can result in severe complications involving the nervous system. Even with the advent and implementation of combination antiretroviral therapy (cART) to diminish HIV viral load, the occurrence of HIV-associated neurocognitive disorders (HAND) persists. As cART allows HIV patients to live longer, 36-45 % individuals experience some form of neurocognitive deficits [1] . These complications are a result of immune activation, oxidative stress and neurotoxicity that results from either persistent HIV replication in cellular reservoirs in the brain or the release of viral products such as Tat and gp120 which may be directly toxic to neurons or act on glial cells to block glutamate uptake, release cytokines and free radicals which may also lead to oxidative neuronal injury [2] . HIV-infected patients also report high rates of depression [3, 4] . Major depressive disorder is twice as likely to occur in patients infected with HIV than those who don't have the disease [5] . Often neurocognitive impairment and depression may co-exist making the management challenging [6] . Neuroinflammatory pathways and oxidative stress have also been implicated in the pathophysiology of depression [7] . Thus neuroprotective compounds, if identified and developed preclinically, may provide a treatment for HIV-related complications such as HAND and depression.
Identification and development of therapeutic strategies to protect against this neuronal damage and the ensuing clinical deficits is a major unmet medical need. To date, however, despite several clinical trials targeting multiple neuroprotective pathways, there is no effective treatment for HAND. All studies thus far have shown little or no clinical benefit [8, 9] . Although multiple factors may contribute to failure of clinical trials, we reasoned that neuroprotection alone may not be sufficient. Brain atrophy that accompanies HAND may in part reflect a failure of neurogenesis as well [10] . Clearly, neural progenitor cells (NPCs) may get infected with HIV [11] and HIV proteins have been shown to impair adult neurogenesis [12] [13] [14] . We thus initially screened more than 2000 compounds that included FDA approved drugs for protective efficacy against oxidative stress-mediated neuronal injury. Several classes of compounds were found to be neuroprotective. This included the selective serotonin reuptake inhibitors (SSRIs). While SSRIs are routinely used for treatment of depression, recent studies also show that these drugs can promote adult neurogenesis in healthy and in transgenic animals expressing HIV proteins in the brain [12] . Using paroxetine as a prototype of this class of compounds, we determined if the mechanism of neuroprotection involves the serotonergic pathways, and if the phamacokinetics of neuroprotection was different from its effects on the serotonergic transporters. We discovered that the neuroprotective mechanisms of paroxetine are distinct from its antidepressive effects on the serotonergic transporters.
Materials and Methods

Compound Screening
The Spectrum Collection of compounds by Microsource Discovery contains 2,000 compounds, of which about half are FDA-approved drugs and the remaining compounds are natural products or other compounds with some prior human exposure and safety testing data. The compound collection is dispensed and maintained in 96-well plates at a concentration of 10 mM in 100 % DMSO and stored at −80°C. The compound mother plates were thawed one time in order to make four sets of daughter plates, and one set of daughter plates was used for these screening assays.
HIV-1 Proteins, Reagents and Engineering RNA
The preparation of recombinant Tat 1-72 protein has been described previously [15] . Recombinant Tat displayed as a single band and a single peak by SDS-PAGE and HPLC, respectively. gp120 derived from HIV-IIIB and de-glycosylated gp120 was acquired from the NIH-AIDS repository (Rockville, MD, USA). 3-nitropropionic acid , N-met7hyl-Daspartic acid (NMDA) and H 2 O 2 were obtained from Sigma Chemical Co. (St. Louis, MO, USA). All siRNA pools were purchased from Invitrogen (Grand Island, NY, USA).
Cell Culture
Primary neuronal cultures were prepared from SpragueDawley (SD) rat fetal brains (Charles River Laboratories, Wilmington, MA, USA) and SERT knock-out (SERT−/−) mice (Charles River Laboratories) at 18 days of gestation. Brains were harvested from 10 to 15 pups, all meninges were removed and the cortex and hippocampus was dissected. Tissues were dissociated by gentle trituration with a firepolished glass pipette in calcium-free Hank's balanced salt solution. The single cell suspension was centrifuged at 200×g and re-suspended in minimal essential medium containing 10 % (v/v) heat-inactivated fetal bovine serum and 1 % (v/v) antibiotic and antimycotic solution (Sigma, St Louis, MO, USA). Cells were allowed to attach for 3 h before the media was replaced with serum-free neurobasal medium containing 2 % (v/v) B-27 supplement (Gibco, Rockville, MD, USA) and 1 % antibiotic and antimycotic solution. Rat neuronal cultures were used between 10 and 14 days in vitro which consisted of >98 % neurons that expressed microtubule-associated protein 2 (MAP2) and the remainder of the cells were predominantly astrocytes which expressed glial fibrillary acidic protein (GFAP). Alternatively, rat mixed hippocamal neurons were generated from freshly cultured rat hippocampi in media containing 5 % fetal bovine serum and 2 % B-27 supplement. Hippocampal neurons were plated in 96-well plates at a density of 4× 10 5 cells per ml on 35-mm dishes for neurotoxicity studies. Mixed rat hippocampal cultures were plated into 96-well plates at a density of 4×10 5 cells per ml. These mixed rat hippocampal cultures consisted of 40-45 % βIII tubulin expressing neurons, 50-55 % GFAP expressing astrocytes and about 1 % microglia.
Human NPC cultures were prepared as described previously [16] . Briefly, the tissues were triturated after removing meninges and blood vessels. After centrifugation at 200×g, cells were resuspended in DMEM/F12 media [containing 8 mm glucose, 1× N2 supplement, 1 % antibiotics, 0.1 % (w/v) albumin (Sigma-Aldrich), human fibroblast growth factor-β (hFGFb) (20 ng/ml), and human epidermal growth factor (hEGF) (20 ng/ml)] and plated inpoly-d-lysine (SigmaAldrich)-coated T 25 cm 2 tissue culture flasks. When cell cultures reached 60 % confluence, they were subcultured by treatment with 0.0125 % trypsin (Sigma-Aldrich) and plated at a density of 2×10 4 cells/ml in poly-d-lysine-coated 96-well plates or on coverslips in 24-well plates. Medium was replaced every other day. NPC cultures were ready for experiments 4-5 d after replating and >98 % of the cells expressed the neural stem cell marker nestin, whereas <1 % of the cells expressed GFAP (a marker for astrocyte) or β-III-tubulin (a neuronal cell marker) as determined by immunocytochemistry. To label proliferative cells, cells were incubated with bromodeoxyuridine (BrdU) labeling reagent (1:100; Zymed Laboratories, San Francisco, CA, USA) for 6 h followed by immunostaining for BrdU.
All primary cell culture procedures used in this study were performed in accordance with National Institutes of Health (NIH) guidelines and following approval by the Institutional Review Board at The Johns Hopkins University.
Cell Viability Assay
Cell viability was evaluated using two methods; the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [17] and CellQuanti-Blue™ cell viability assay kit (BioAssay Systems, Hayward, CA). For MTT assay, 10 μl of 5 mg/ml MTT tetrazolium salt (Invitrogen) was added to the media of treated cells followed by incubation for 2 hr at 37°C in 5 % CO 2 incubator. The medium was then aspirated and was replaced with 100 μl DMSO to dissolve the Formosan crystals in the cells. The amount of Formosan crystals was measured by absorbance using a microplate reader (Bio-Rad, Hercules, CA, USA) at test and reference wavelengths of 570 and 630 nm respectively.
In assay using CellQuanti-Blue™ cell viability assay kit, cells were cultured at 1×10 5 /ml in 90 μl serum-free opti-MEM medium in 96-well plates. The cells were transfected with a pooled siRNA to SERT, Non-specific control siRNA (NsiRNA) (Invitrogen) or vehicle only using lipofectamine 2000. The cultures were exposed to Tat (50 nM) and morphine (1 μM) with or without paroxetine (1 μM) for 24 hrs. CellQuanti-blue solution (10 μl/well) was then added for 30 min and fluorescence intensity was detected at 590 nm (530 nm excitation, 590 nm emission filters).
Immunocytochemistry
To characterize cell types in primary cultures, cells were fixed in 4 % (w/v) paraformaldehyde (Sigma) and rinsed with TBS with 0.5 % (v/v) Triton-×100. Primary antibodies were diluted in blocking solution as follows: mouse anti-MAP2 (1: 1000, Sigma-Aldrich), mouse anti-nestin (1:1000, Millipore), mouse anti-beta-III tubulin (1:1000, Promega) and rabbit anti-GFAP (1:1000, Sigma) and incubated with cells for 1 hr at room temperature. For detection of BrdU, the fixed cells were denatured in a 2 N HCl bath for 30 min at 37°C followed by neutralization of the acid in 0.5 M sodium borate, pH 8.5, for 10 min at room temperature. After washing with TBS, cells were incubated with rat anti-bromodeoxyuridine (BrdU) (1:1000; Accurate, Westbury, NY, USA) for 1 hr at room temperature. After washing with TBS, cells were incubated with the secondary antibodies (anti-mouse Alexa Flour 597, 1:400 anti-rabbit Alexa Flour 488, 1:400, Invitrogen) followed by washing and counterstaining with 4′,6-diamidino-2-phenylindole (DAPI, 1:5000) to label all nuclei. Stained cells were mounted on slides and imaged by a fluorescence microscope (model AMF-4302, Advanced Microscopy Group, Bothell, WA, USA).
Multiplex Assay
Rat mixed hippocampal cultures were plated onto 6 well plates at 7.5×10 5 cells per well and pretreated with 1 μM paroxetine for 1 h, prior to exposure to 500 nM HIV Tat for 24 h at 37 C. After 24 h, the culture supernatants were removed and simultaneous quantitation of 23 cytokines and chemokines in the culture supernatants was performed on a Luminex 100 imager (Luminex Corp., Austin, TX) with a rat cytokine assay system (Milliplex; EMD Millipore, Billerica, MA). Simultaneous quantification of 23 cytokines and chemokines from culture supernatants of rat mixed hippocampal cultures was achieved with a rat cytokine assay system (Milliplex; EMD-Millipore, Billerica, MA). The analytes included IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IP-10, IL-12 (p70), IL-13, IL-17, IL-18, eotaxin, G-CSF, GM-CSF, GRO/KC, IFN-γ, MCP-1, MIP-1α, RANTES, TNF-α and VEGF. We determined that a number of these were not consistently secreted from our cultures at levels that could be accurately quantitated, so we present only those cytokines and chemokines that were within the dynamic range of the standard curves. Standard calibration curves were prepared using sequential 4 fold dilutions or recombinant cytokine standards, according to the manufacturer's instructions. All assays were performed in 96 well microplate format Milliplex assays at room temperature and protected from light as per the manufacturer's instructions. 3-5 independent values for each cytokine were determined for each cytokine and expressed as pg/ml. Data were analyzed by ANOVA, and post hoc comparison of groups were made with Dunnett's multiple comparison test. An alpha level of p≤0.05 was considered significant for all statistical tests used. Data are expressed in the table as mean (±SEM). Statistical significance is depicted as *p<0.05, **p<0.01, ***p<0.001. The significant Tat dependent cytokine levels were compared to basal cytokine levels, while significance of Tat+ paroxetine cytokine levels were compared to those of Tat treatment alone.
Production and Stereotaxic Injection of SV(gp120), TUNEL Assay and NT Staining An SV40-derived gene delivery vector, SV(gp120), were used to express HIV-1 envelope protein gp120 and induce neuronal cell death in the brain of rats [18] . The vector was generated according to previously described methodology [18] . Briefly, a 1.6 kb DNA fragment encoding gp120 from HIV-1NL4-3 was made by PCR using primers with engineered restriction sites. This PCR product was cloned into pT7A5 (a plasmid containing an SV40 genome, in which large T antigen gene was replaced by cytomegalovirus (CMV) immediate early promoter and downstream polylinker), giving pT7A5-gp120. To make SV(gp120), the SV(gp120) genome was released from the carrier plasmid by restriction digestion, and used to make recombinant virus in COS-7 cells. Virus stocks were purified and titered. For injection of SV(gp120), 12 female SD rats (275-300 g, Charles River Laboratories) housed under standard conditions were anaesthetized ketamine (100 mg/kg) and xyline (50 mg/kg) cocktail and placed in a stereotaxic apparatus (Stoelting Corp, Wood Dale, IL) for cranial surgery. SV(gp120)-induced apoptosis was measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The TUNEL assay was performed according to the manufacturer's instructions (In Situ Cell Death Detection kit; Roche Diagnostics, Indianapolis, IN, USA). Apoptosis in the CPu was quantitated as number of TUNEL-positive cells in microscopic fields. NeuroTrace (NT) staining was used as a neuronal marker and was performed as according to the manufacturer's instructions (NeuroTrace TM Fluorescent Nissl Stains; Molecular Probes, Inc, Eugene, OR, USA). All quantitative assessments were done by investigators blinded to the treatment.
Quantitative Western Blot Analysis
For Western blot analysis, rat hippocampal neurons were homogenized and lysed directly in the sodium dodecyl sulphate (SDS) sample buffer (62.5 mM Tris pH 6.8, 10 % (v/v) glycerol, 2 % (w/v) SDS, 0.01 % (w/v) bromphenol blue). Protein homogenates were boiled for 5 minutes and loaded onto 10-15 % SDS PAGE gel for electrophoresis (Bio-Rad, Philadelphia, PA, USA). Nitrocellulose membranes with transferred proteins were blocked with 4 % (w/v) BSA in TBS (10 mM Tris-HCl, pH 7.5, 150 mM NaCl), incubated in TBST (TBS+0.05 % Tween-20) with mouse anti-inducible nitric oxide synthase (iNOS) / nitric oxide synthase (NOS) (1:1000, BD Biosciences, Bedford, MA, USA), washed and reacted with horse radish peroxidase-conjugated secondary antibodies (Roche Molecular Systems, Inc., Branchburg, NJ, USA). Membranes were stripped and re-blotted with mouse anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for loading control. The relative intensities of the blots were measured by densitometry.
Animals, Paroxetine Administration and BrdU Labeling
All animal procedures used in this study were performed in accordance with the protocol approved by the Institutional Animal Care and Use Committee at Johns Hopkins University School of Medicine. Adult (8-9 weeks old) male gp120 transgenic mice in which the expression of gp120 was driven by a GFAP promoter [19] and littermate wild type controls were used. A minimum of five animals per group were used for each experimental condition. Chronic administration of paroxetine (Tocris Cookson, Ellisville, MO, USA) was accomplished by subcutaneous implantation of an osmotic minipump (model 2004, Alzet, Palo Alto, CA, USA) according to manufacturer's instructions. Pumps containing either paroxetine or saline were activated prior to implantation by overnight incubation at 37°C as per manufacturer's instructions. Pumps were placed subdermally in the interscapular region of mice under deep anaesthesia, and a pump flow rate of 0.25 μl/h allowed for delivery of paroxetine at a dose of 10 mg/kg per day for 20 or 28 days. Upon completion of the experiments, pumps were removed and residual volume was determined, to ensure that the appropriate amount of drug had indeed been delivered to each mouse.
A group of the animals were injected with a single dose of BrdU labeling reagent (200 mg/kg, Sigma) after paroxetine treatment and were euthanized 2 hours later for cell proliferative analysis. To assess BrdU+NeuN+newly generated neurons, an additional group of mice were injected with BrdU (50 mg/kg, Sigma) for seven consecutive days during the second week of the experiment and were euthanized 3 weeks after the first injection of BrdU.
Immunohistochemistry
Animals were transcardially perfused with saline followed by 4 % paraformaldehyde (PFA). After postfixing in PFA overnight, brains were immersed in a 30 % (v/v) sucrose solution. On the following day, brains were cut in 40 μm thick coronal sections on a sliding microtome. Every sixth brain sections spanning the entire hippocampal dentate gyrus were incubated with rat anti-BrdU (1:000, Accurate) and mouse anti-NeuN (1:250, Millipore) overnight at 4°C. For detection of BrdU, slices were treated with 2 N HCl at 37°C for 30 min prior to application of the primary antibody. After washing with TBS, sections were incubated with the appropriate fluorescent conjugated secondary antibodies (1:250, Jackson ImmunoResearch, West Grove, PA, USA). The sections were counterstained with DAPI (1:5000, Sigma) for 10 min before washing and mounting. Images were acquired on a Zeiss LSM 510 Meta multiphoton confocal system (Carl Zeiss Microimaging Inc., Thornwood, NY, USA) using a multitrack configuration. Z-stacks (2 μm thick, spanning the entire 40 mm thickness of each slice) were constructed for each image. Stereological quantification of immunopositive cells within the subgranular zone and granule cell layer were carried out as previously described [20] . Doubleimmunolabeling was confirmed for each cell by orthogonal analysis using LSM 5 Image Browser. Positively labeled cells were expressed as cells per volume of the granule cell layer, as assessed by staining of the nuclei with DAPI. All quantitative assessments were done by investigators blinded to the treatment.
Mitochondrial Studies
Female SD rats (275-300 g, Charles River Laboratories) were decapitated and the liver and brain tissues were transferred within 1 min to ice-cold isolation buffer (0.32 M sucrose, 2 mM EGTA, 10 mM Tris, pH 7.4). Mitochondria from the liver and brain were prepared and mitochondrial swelling assays were conducted as described [21] . Briefly, mitochondria were de-energized by addition of 0.5 μM rotenone, 0.5 μM antimycin and 2 μM ionomycin. Mitochondria were then pretreated with fluoxetine or paroxetine for 10 min on ice, and mitochondrial swelling was initiated by addition of 10 μM calcium ions. Mitochondrial swelling was monitored by measuring the decrease in optical density (OD) at 520 nm for 8 min post calcium ions addition. 1 μM cyclosporin A (CsA) was run in parallel assays as a positive control for inhibition of mitochondrial swelling.
Calcium Imaging
Cytosolic calcium ([Ca 2+ ] C ) was determined using the ratiometric Ca 2+ -specific fluorescent probe acetoxy-methylester fura-2 (fura-2 AM) as previously described [22] . Rat hippocampal neurons were incubated with 2 μM fura-2 AM for 15 min at 37°C in neurobasal medium and washed with Locke's buffer (154 mM NaCl, 3.6 mM NaHCO3, 5.6 mM KCl, 1 mM MgCl2, 5 mM HEPES, 2.3 mM CaCl2, 10 mM glucose) to remove extracellular fura-2. Cells loaded with fura-2 were then incubated at 37°C for 10 min to allow complete de-esterfication of the probe. Coverslips containing the cells were maintained at 37°C in a recording chamber and perfused with Locke's buffer at the rate of 2 mL/min (Warner Instruments Inc., Hamden, CT, USA). Image pairs were acquired every 1.0-5.0 s and 340 : 380 ratios were converted to nM Ca 2+ using a video based imaging system (Intracellular Imaging Inc., Cincinnati, OH, USA) and commercial reference standards (Molecular Probes). For studies of effect of paroxetine on calcium responses, neurons were pretreated with 10 μM paroxetine for 1 h before they were stimulated with 40 mM potassium chloride (KCl) to induce depolarization.
Identification of Paroxetine Binding Proteins
Paroxetine was coupled to cyanogen bromide (CNBr)-activated Sepharose 4B (Sigma) according to instructions supplied by the manufacturer. The amount of paroxetine bound to the beads was determined by spectrophotometric depletion of paroxetine from the coupling solution over time. Typically, 3-4 mg per milliliter of paroxetine was covalently attached to the Sepharose beads for these experiments. As a control for non-specific absorption to the Sepharose beads, a control c o l u m n w a s g e n e r a t e d u s i n g T r i s b a s e [tris(hydroxylmethyl)amino methane], which was utilized in parallel experiments. Rat cortical neurons (10 6 cells per well) were scraped from 6 well plates and collected by centrifugation. The cells were washed, then the pellets were snap frozen on dry ice. The cell pellets were thawed on ice, resuspended in 10 mM Hepes, 150 mM NaCl, 1 mM NaEGTA, 1 mM NaN 3 , 1 mM DTT, pH 7.4 plus 1 mM PMSF, 10 ug/mL of leupeptin and pepstatin (protease inhibitors) and homogenized in a glass/Teflon homogenizer with 4-5 up/down strokes on ice. The homogenates were centrifuged at 900×g for 10 min to remove cell nuclei, and the supernatants were centrifuged at 100,000×g for 60 min. The neuronal membranes were resuspended in 10 volumes of the Hepes resuspension buffer and Triton×-100 was added to a final concentration of 1 % for incubation at 4°C for 60 min. The membrane debris was removed by centrifugation at 100,000×g for 60 min, and the triton-extracted proteins were applied to paroxetine-Sepharose or Tris-Sepharose for 16 h overnight incubation at 4°C. After this incubation, the column flow through was collected, and the column was washed with at least 10 column volumes of resuspension buffer plus 0.1 % Triton×-100, followed by a 5 column volumes of 1 M KCl in resuspension buffer +0.1 % Triton×-100 buffer. The target proteins were then eluted by addition of 25 mM paroxetine. Eluted proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Resulting protein gels are stained by silver staining and immunoblotting. Next, specific protein bands were cut from the gel and subjected to protein identification by mass-spectrometry analysis using a LC-MS/MS at the Johns Hopkins University Mass Spectrometry/ Proteomics facility. Additionally, for identification of mitochondrial proteins, rat brain mitochondria preparations were made and extracted with 1 % Triton×-100. The extracts were loaded onto either the paroxetine-Sepharose or Tris-Sepharose columns. The flow-through, wash fractions as well as a material that bound to both columns was eluted. Eluted proteins were analyzed by SDS-PAGE and immunoblotting.
Inhibition Assay of HIV-1 Replication TZM-bl cells expressing CD4 and CCR5 were pre-seeded in 96-well plates. Cells with 60-80 % confluence were pretreated with the serially diluted paroxetine at concentrations of 0.1, 1 or 10 μM for 1 h at 37°C and then infected with HIV-1 JRCSF at 2000 TCID 50 /ml in a final 200 μl volume of culture medium. Levels of β-galactosidase were quantitated in the cell lysates 2 days later using β-galactosidase ELISA Kit (Roche Applied Science, Indianapolis, IN, USA).
Results
Neuroprotection by Paroxetine and Fluoxetine Against Neurotoxic Stress In Vitro
Because neuronal cell death by oxidative and excitotoxic stress is seen in the brains of patients with HAND [23, 24] , we used 3-NP-, H 2 O 2 -and NMDA -induced neurotoxicity in an in vitro model to test neuroprotective effect of SSRIs. Initially, we screened the Microsource Spectrum collection for neuroprotectants against the oxidative stresser 3-NP (see [25] . From these studies, a number of tricyclic antidepressants as well as selective serotonin reuptake inhibitors were identified as protective against oxidative stress (Table 1) . Compounds such as nortriptyline, trimipramine, fluoxetine and paroxetine displayed greater than 50 % protection at the 10 μM screening dose. The overall intra-assay variability of the screen was 8-10 %.
Rat hippocampal neurons were exposed to mitochondria toxin, 3-NP at a concentration of 3 mM for 18 h, resulting in cell death of~20 %. Paroxetine administered 1 h prior to 3-NP exposure significantly reduced the cell death in a concentration-dependent manner. Paroxetine at doses of 5 and 10 μM provided almost complete protection against neuronal death. Pretreatment of fluoxetine for 1 hour followed by 3-NP exposure also significantly reduced cell death against 3-NP at a concentration of 10 μM by 500 %. Paroxetine exerted a more pronounced cytoprotective effect compared to fluoxetine (Fig. 1a) . The neurons were exposed to 100 μM NMDA for 18 h, thereby inducing a decrease in cell viability. Both paroxetine and fluoxetine at a concentration of 10 μM were able to protect cells against NMDA-induced neurotoxicity (Fig. 1b) . Next, cultured neurons exposed to 100 μM H 2 O 2 for 2 h showed significant decrease in the viability. Paroxetine treatment significantly increased the cell viability in a concentration-dependent manner. The results showed that 50 % and 30 % cells underwent cell death in 1 μM and 5 μM paroxetine, respectively, while 80 % cells underwent cell death in H 2 O 2 -treated cultures (Fig. 1c) .
HIV-1 proteins, Tat and gp120 trigger neuronal apoptosis and excitotoxicity as a result of oxidative stress, perturbed cellular calcium homeostasis and mitochondrial alterations [23, 26] . We next determined whether SSRIs, paroxetine and fluoxetine, provide neuroprotection against HIV proteins, Tat, gp120 or a combination of Tat and gp120. Rat hippocampal cultures were challenged with 500 nM Tat for 18 hours, inducing~20 % cell death. Tat-induced cell death was significantly reduced by paroxetine in a concentration-dependent manner. The cell viability was increased by 50 % in the lowest dose of paroxetine tested (0.5 μM) and over 100 % by the highest dose tested (10 μM). Fluoxetine also protected against Tat-induced cell death at concentrations higher than 5 μM (Fig. 1d) . 300 pM gp120 also induced cell death by~20 %. Pretreatment of paroxetine followed by gp120 increased cell viability in a concentration-dependent manner, ranging from 0.1 (50 %) to 10 μM (100 %) (Fig. 1e) . To further test if paroxetine is neuroprotective against the combination toxicity of Tat and gp120, we used subtoxic dosages of each of the viral proteins (50 nM Tat and 75 pM gp120) which caused synergistic neurotoxicity [27] . Under these conditions, the Values presented are Mean±SEM, n=3.
combination of Tat and gp120 induced~15 % cell death.
Concentrations of paroxetine as low as 0.01 μM showed significant neuroprotection and complete protection at 1 μM or above (Fig. 1f) . Taken together, these results indicate that SSRIs, paroxetine and fluoxetine, have neuroprotective effects against neurotoxic stress in vitro. Neuroprotection of paroxetine was more effective as compared with fluoxetine treatment. Therefore, 10 μM paroxetine was used in the succeeding experiments.
Neuroprotection by Paroxetine Against gp120-induced Cell Death In Vivo gp120 can be successfully delivered to the rodent brain by SV40 viral vector delivery [18] . To study possible neuroprotection by paroxetine against SV(gp120)-induced apoptosis in an in vivo model, rats were given either paroxetine or saline (10 mg/kg/day in each) via an osmotic pump. 7 days later, 5 μL of SV(gp120) or saline were stereotaxically injected into the caudate putamen (CPu) of rats that had been administered with paroxetine or saline. Brains were harvested 7 days after injection and studied for apoptosis by TUNEL assay (Fig. 2a) . Rare apoptotic cells were seen in the control group of animals which had received saline and paroxetine. Injection of SV(gp120) increased the number of apoptotic cells in the CPu (67.00 ± 3.00 cells per area). This neuronal death by SV(gp120) was strikingly reduced by paroxetine treatment, showing a significant reduction of TUNEL-positive neurons to greater than 50 % (Fig. 2b and c) . was a significant neuroprotective effect of paroxetine treatment in vivo following systemic delivery of paroxetine.
Paroxetine Stimulated Proliferation of NPCs and Generation of Newborn Neurons
We determined whether paroxetine could impact proliferation of NPCs using an established in vitro model of human fetal cells. Dissociated human cultures were exposure to varying concentrations of paroxetine for 24 hours, and BrdU incorporation was assessed. Addition of paroxetine increased human NPC proliferation in a concentration-dependent manner. 2 μM paroxetine significantly enhanced NPC proliferation ( Fig. 3a  and b ).
To further test the effect of paroxetine on NPC proliferation in gp120 transgenic mice, adult mice were euthanized 2 h after BrdU injection to label proliferating cells. We found that a 40 % reduction of BrdU + cells in the dentate gyrus of gp120 transgenic mice as compared to their littermate wt mice, suggesting that expression of gp120 inhibits proliferation of adult hippocampal NPCs. Subcutaneous administration of paroxetine for 28 days was sufficient to completely rescue the deficit in NPC proliferation in the dentate gyrus of gp120 transgenic mice, increasing NPC proliferation by over 100 % to reach levels similar to wild type animals. However, a 20 day period of paroxetine treatment failed to rescue the deficit in NPC proliferation observed in gp120 transgenic mice ( Fig. 3c  and d) .
We next asked whether rescue of the NPC population resulted in rescue of the generation of new neurons in gp120 transgenic mice. We observed that paroxetine administration for 28 days in gp120 transgenic animals led to a significant increase in BrdU + NeuN + cells in the dentate gyrus, to levels
Paroxetine (10 mg/kg/day) Fig. 2 Paroxetine protects neurons against gp120-induced cell death in vivo. (a) Experimental design; rats were given either paroxetine or saline at 10 mg/kg/day via an osmotic pump. 7 days later, rats were then challenged with intra-caudateputamen (CPu) injection of SV(gp120). Brains were harvested 7 days after SV(gp120) challenge and studied for apoptosis by TUNEL assay. comparable to wild type mice (Fig. 3e) . Thus, paroxetine increased both proliferating NPCs and generation of new neurons in gp120 transgenic mice.
Anti-inflammatory Effect of Paroxetine and Fluoxetine
Next, we determined the effects of the SSRIs on Tat-mediated induction of iNOS. Pretreatment with SSRIs, fluoxetine or paroxetine, followed by Tat attenuated Tat-induced iNOS expression in mixed rat hippocampal cultures. iNOS expression in the cultures was markedly reduced by treatment of fluoxetine or paroxetine in dose dependent manner. The effect of paroxetine on iNOS expression was more pronounced than that of fluoxetine, revealing complete block of iNOS expression with 10 μM fluoxetine and 5 μM paroxetine treatments (Fig. 4) . Thus both SSRIs exhibited anti-nitrosative stress effects.
Tat has been shown to induce inflammatory pathways in neurons and glial cells [28] [29] [30] [31] resulted in significant production of numerous cytokines (Table 2) One of the important factors inducing mitochondrial dysfunction is Ca 2+ overload, which primarily occurs during neuroexcitotoxicity [32] . Mitochondria were isolated from rat liver and brain. The addition of 10 μM Ca 2+ to the mitochondria initiated a rapid decrease in absorbance, indicating mitochondrial swelling both in the liver and brain. Ca 2+ -induced mitochondrial swelling was inhibited by 1 μM CsA, which is a specific mitochondrial permeability transition (mPT) blocker (Fig. 5a and b) . In the rat liver, treatment of 10 μM fluoxetine significantly slowed the calcium-induced mitochondrial swelling by about 50 % (Fig. 5a ). This Ca 2+ -dependent swelling of mitochondria in the brain was blocked by paroxetine in a concentration-manner dependent, blocking a 50 % of swelling by 0.5 and 5 μM, and completely blocking by 50 μM. However the Ca 2+ -induced swelling in the liver mitochondria was not significantly inhibited by paroxetine (Fig. 5b) .
Paroxetine Attenuated the KCl-induced Calcium Responses
We next determined whether paroxetine modulated voltage-sensitive calcium channel activity and calcium responses. KCl-induced calcium responses were measured by a ratiometric technique using fura-2 AM in rat hippocampal neurons. The neurons were preincubated with 10 μM paroxetine for 1 hour before stimulation with 40 mM KCl and then calcium responses were recorded. Depolarization with KCl induced excess cytosolic calcium responses in neurons. Paroxetine significantly inhibited the peak amplitudes of KCl-induced calcium responses by~70 % (Fig. 6a and b) .
Neuroprotective Effects of Paroxetine are not Mediated by Serotonin Transporter
To determine whether paroxetine has the neuroprotective effect by acting upon SERT, cortical cultures from wild type or SERT −/− mice were used. The percentage of live cells was equivalent between wild type and SERT−/− cultures treated with Tat. 5 μM paroxetine pretreatment significantly increased cell viability from 80 to over 100 % after Tat treatment in wild-type cultures. Unexpectedly, 1 and 5 μM paroxetine pretreatment significantly increased the viability from 75 to over 100 % after Tat treatment in SERT−/− cultures, suggesting that high-affinity for SERT is not necessary for the neuroprotective effects of paroxetine (Fig. 7a) .
To confirm the observation from SERT−/− mice, we employed siRNA-mediated knockdown of the SERT mRNA in the mixed neuronal cultures. SERT mRNA expression was determined 48 hr post transfection by realtime PCR. Nearly a 50 % decrease in SERT receptor transcripts was observed (data not shown). Mixed neuronal cultures were transfected with siRNA to SERT, nonspecific siRNA or vehicle only. For these experiments we used a combination of Tat and morphine to cause neurotoxicity since the two are synergistic and induce multiple pathways to cause neuronal injury [33] . The next day cultures were exposed to 50 nM Tat and 1 μM morphine with/without paroxetine (1 μM) for 24 hours. Cell viability was measured by a fluorescence-based Cellquanti-blue assay. In non-transfected control cells and non-specific siRNA-transfected cells, the combination of Tat and morphine caused cell death. 1 μM paroxetine was sufficient to protect neurons from Tat and morphine-induced cell death. Most importantly, siRNA-induced reduction in SERT mRNA failed to protect cells against neurotoxicity by Tat Cytokine protein levels are expressed in pg/mL. In the Tat treatment column, asterisks represent statistical significance compared to basal treatment conditions. In the Tat -induced swelling in the brain mitochondria. Rat liver and brain mitochondria were de-energized by addition of 0.5 mM rotenone, 0.5 mM antimycin and 2 mM ionomycin. Mitochondria were then pretreated with fluoxetine (a) or paroxetine (b) for 10 minutes on ice and mitochondrial swelling was initiated by addition of 10 μM Ca
2+
. Mitochondrial swelling was monitored by measuring the decrease in optical density (OD) at 520 nm for 8 min post calcium addition. An analysis of variance showed that the effect of paroxetine on brain mitochondria was significant F [5, 13] and morphine, while neuroprotective actions of paroxetine were still evident (Fig. 7b) . Taken together, these results indicate that the efficacy of paroxetine for neuroprotection is independent of SERT inhibition.
Identification of Paroxetine Interacting Proteins
We next identified proteins which interact with paroxetine to determine cellular targets of paroxetine in rat cortical neurons. Using a paroxetine-Sepharose affinity column, we identified SLC6A4, which is the integral membrane serotonin transporter protein as paroxetine targets in rat cortical neurons . Two mitochondrial proteins, adenine nucleotide translocase (ANT) and the voltage dependent anion channel (VDAC) were identified by LC-MS/MS analysis (Table 3 ). These proteins were not found in similar apparent size ranges of the SDSpolyacrylamide gels containing the Tris-sepharose fractions. To confirm interaction of ANT and VDAC with paroxetine that was observed by LC-MS/MS analysis, rat brain mitochondria were extracted and loaded onto either the paroxetinesepharose or Tris-sepharose columns. The anti-ANT immunoreactive protein bands showed a depletion of ANT protein in the paroxetine-sepharose flow through lane and concentration of ANT protein in the paroxetine-sepharose bound b a fraction. No ANT protein was bound to the Tris-Sepharose control bead column (Fig. 8a) . Similarly, there was a partial depletion of VDAC protein from the paroxetine-sepharose column and elution from the paroxetine-sepharose beads. VDAC did not interact with the Tris-sepharose column in these studies (Fig. 8b) .
No Effect of Paroxetine on HIV Replication
To function as an adjunctive neuroprotective therapy for HIV associated neurocognitive disorders, the effects of paroxetine on HIV replication need to be understood. TZM-bl cells expressing CD4 and CCR5 were treated with paroxetine prior to infection with HIV and paroxetine was maintained in the culture supernatant throughout the experiment. Untreated cells were readily infected by HIV, and exposure to paroxetine up to 10 μM concentrations had no effect on HIV LTR transactivation (Fig. 9 ).
Discussion
In this study, we provide evidence that paroxetine and fluoxetine reduced neuronal cell death induced by 3NP, NMDA, H 2 O 2 and HIV-1 proteins in vitro and in vivo. We also showed that paroxetine and fluoxetine prevented Tat-induced iNOS and inflammatory cytokine expression, and Ca
2+
-induced mitochondrial swelling, and attenuated the KCl-induced calcium responses. In addition, paroxetine and fluoxetine had NPC proliferative and neuroregenerative effects. The neuroprotective effect was independent of its effects on the serotonergic transporter. The effects were mediated by direct binding to the mPT pore. Activation of the ANT and VDAC in the form of the mPT pore can be triggered by oxidative and inflammatory mediators, so it may be that these mechanisms may be linked to these proteins. It is possible that aberent calcium signaling may also be linked to the mitochondrial MPT. The proproliferative effects of paroxetine on neural progenitor cells seem less likely to be driven by paroxetine-mitochondrial protein interactions, but may involve serotonin or other pathways.
SSRIs, were developed to selectively target the serotonin reuptake pump, a property shared with the tricyclic antidepressants (TCAs), but without affecting the other neurotransmitter systems such as norepinephrine, acetylcholine, histamine or dopamine, or fast acting sodium channels. SSRIs have a broader safety profile and larger therapeutic index than TCAs. The four SSRIs, fluoxetine, paroxetine, sertraline and citalopram, inhibit serotonin reuptake with IC50 of 7 nM, 0.3 nM, 0.2 nM and 1.8 nM respectively [34] . Three of these drugs possess active metabolites with significant inhibitory effects on the serotonin reuptake pump, with paroxetine as the SSRI which is apparently active as the parent compound only [34, 35] .
SSRIs have been used to reduce depression symptom severity in HIV-infected populations. A number of clinical studies demonstrated efficacy and safety of SSRIs as an antidepressant in adult HIV-infected patients [36] [37] [38] . We demonstrated that paroxetine could impact proliferation of NPCs in an in vitro model of human fetal cells. Further, paroxetine increased both proliferating NPCs and generation of new neurons in a transgenic mouse model of HIV neurologic disease. These studies confirm our previous observations of paroxetine on NPC [12] . Several studies have shown that antidepressants increase hippocampal neurogenesis in both animals and humans [39, 40] and hippocampal neurogenesis has been suggested to be a key factor in the action of antidepressant drugs [41, 42] . Suppression of hippocampal neurogenesis by irradiation prevents the effects of fluoxetine and imipramine [41] .
We provide evidence that paroxetine and fluoxetine reduced neuronal cell death induced by 3NP, NMDA, H 2 O 2 and HIV-1 proteins in vitro and in vivo. Neuronal cell death is seen in the brains of patients with HAND. HIV-1 proteins, Tat and gp120 are known to trigger neuronal apoptosis and excitotoxicity as a result of oxidative stress, perturbed cellular calcium homeostasis and mitochondrial alterations [23, 26] . Our data suggests that the neuroprotective properties of paroxetine and fluoxetine are seen at concentrations of 0.5 to10 μM. Similar concentrations are also needed to enhance proliferation of neural progenitor cells. These concentrations can be easily achieved in the brain at therapeutic dosages since these compounds are preferentially taken up and enriched in brain tissue with 10-20 fold higher concentrations in the human brain compared to plasma [43] . Steady state levels are achieved over several weeks to months [44] . These studies also show that the SSRI are evenly distributed throughout the brain. This is also supported by our in vivo studies in which paroxetine showed neuroprotection and proliferation of neural progenitor cells following systemic administration. Therefore, treatment with SSRIs can be an effective neurorestorative approach for ameliorating neuronal death as well as defective neurogenesis in HIV-infected individuals with neurologic dysfunction.
Overproduction of nitric oxide through increased iNOS production has been implicated in the pathogenesis of many disorders including HAND. iNOS is increased in the brain of individuals with HIV encephalitis [45, 46] and in the cerebrospinal fluid of individuals with progressive Paroxetine (µM) +virus neurocognitive dysfunction [47] . HIV-infected macrophages release proinflammatory factors that induce iNOS in astrocytes (Hori et al., 1999; Hu et al., 1999) . Tat increased iNOS induction to produce NO via activation of NF-κB and C/EBPβ in human astroglial cells [48] . The NO produced by this mechanism may initiate apoptotic events in neighboring neurons. HIV-1 Tat inducing iNOS may participate in the pathogenesis of HAND. We found that both paroxetine and fluoxetine inhibited Tat-induced iNOS, and the effect was more pronounced in paroxetine than fluoxetine. We could envision the paroxetine treatment to be given concurrently with the combination antiretroviral therapy as an adjunctive neuroprotective therapy for neural cells at risk to exposure to HIV in the central nervous system. Even in the era of effective combined antiretroviral therapy, HIV patients continue to display signs of chronic immune activation and persistent chronic inflammation [49] In our experiments in cultures containing neurons, astrocytes and microlia, we found that paroxetine treatment attenuated the production of many of the inflammatory cytokines induced by Tat. However these effects were seen at higher concentrations compared to the neuroprotective effects .
NO plays an important role in regulating several aspects of mitochondrial function including control of respiration and mitochondrial biogenesis [50] . Many studies have suggested a direct interaction of the NO derived from iNOS in contributing to mitochondrial dysfunction [51, 52] . We determined if SSRIs had a direct effect on mitochondrial function. We found that paroxetine was able to potently inhibit Ca2 + -induced mitochondrial swelling. These effects were specific for brain mitochondria as no significant effect was seen in the liver mitochondria.
The mechanisms of the neural protective effects of paroxetine have not been well-characterized. Because the most likely target may be the SERT itself, which is the key high affinity receptor protein for the SSRIs, we determined whether paroxetine has the neuroprotective effect by acting upon SERT. We found that neuroprotective effects of paroxetine were independent of SERT inhibition. The neuroprotective efficacy is provided by both SSRIs paroxetine and fluoxetine, with paroxetine demonstrating better potency. In neurons lacking the SERT, paroxetine maintains its neuroprotective efficacy, perhaps acting via the mitochondria proteins ANT and/or VDAC. While it is true that both compounds block the serotonin transporter, they both also have some effects on blocking calcium dependent swelling of the mitochondria. At concentrations that elicit the neuroprotective actions of paroxetine (100 nM), the SERT will also be bound to and occupied by this SSRI.
SSRIs also have significant interactions with other target proteins. Fluoxetine is known to interact with the volume regulated anion channel (VRAC) [53, 54] , voltage dependent potassium channels (Kv1.1, 1.3, 1.4 and 1.5) [55] [56] [57] [58] , inward rectifying potassium channels [59] and HERG channels [60] . In particular, it has been shown that fluoxetine interacted with the VDAC of mitochondria and prevented mitochondriamediated cell death [61, 62] . Under conditions of oxidative stress and elevated cytoplasmic calcium, the VDAC from the outer mitochondrial membrane can interact selectively with the inner mitochondrial membrane protein ANT and forms the mitochondrial mPT pore [63] . Activation of this pore is an early step in mitochondrial dysfunction, in which nonselective transport of small solutes (<2000 Daltons) into the mitochondria, abolishes the mitochondria membrane potential, inhibits the electron transport system and depletes ATP, eventually resulting in cell death. Mitochondrial swelling occurs when the inner mitochondrial membrane swells in response to ion and small molecule flux across the inner mitochondrial membrane as the mitochondrial membrane potential is abolished and mPT pore is activated [64] . In the study, we showed paroxetine bound to mitochondrial membrane proteins, ANT and VDAC. This can elucidate the mechanism of neuroprotective effect of paroxetine, with blocking calcium-dependent mitochondrial swelling.
